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Does Although a number of potential antiproton propulsion concepts have been analyzed, their transition from theoretical design to experimental validation and practical use has been constrained by the prohibitive cost of creating and storing the antiprotons. The following section discusses current antiproton production methods, and outlines near-term prospects for efficient antiproton production and storage.
Current Antiproton Production Methods
The two leading facilities for antiproton production and storage are the European Laboratory for Particle Phys- proton beams could increase the accelerator energy efficiency by an order of magnitude over the current 5% wall plug efficiencies.
Taken together, the potential facility improvements could result in the yearly production and storage of microgram quantities of antiprotons at a potential cost 27 of around $6.4x106/_g ($6.4xl09/mg). While these production numbers and costs are approaching those required for ground testing antimatter propulsion concepts, they are not adequate for antimatter-based propulsion systems.
Forward 1"2°calculates that antiproton propulsion becomes cost competitive with chemical propellant systems at an antiproton production cost of approximately $107/mg, and antiproton propulsion becomes the most cost effective propulsion source available if the production costs can be lowered to $2xl06/mg. Because the near term facility modifications outlined above are unlikely to produce the necessary reduction in antiproton production costs, a number of alternative antiproton production techniques have been suggested.
Chapline 2s has proposed colliding heavy ion beams, made up of singly charged uranium atoms, to produce up to 10 t8 antiprotons/sec. Unfortunately, the antiprotons will be emitted isotropically and will be very difficult to collect. Equally problematic, the colliding heavy ion beams will produce a significant amount of nuclear debris and radiation, which would have to be safely and efficiently removed from the spray of antiprotons.
Cassenti '9 has suggested that the pions generated during the collision of high-energy protons with heavy target nuclei could be redirected toward the target to increase the number of antiprotons and improve the efficiency of current antiproton production techniques.
Although promising, the collection and redirection of the pions and antiprotons remains a major challenge to this concept.
Hora 3°proposed the use of a high intensity laser that could generate sufficiently strong electric fields to
produce proton-antiproton pairsfromthevacuum, and Crowe 3j separately proposed theuseof highintensity lasers to produce electron-positron pairs. At present, however, there arenoknown lasers thatcanproduce the highintensity electric fieldsneeded forpairproduction. Forward 1"2°andHaloulakos andAyotte 32have investigated thepossibility of building and operating an antiproton factory in space, where the proton accelerator could be powered by solar energy. However, the estimated cost to produce and store the antiprotons is still nearly $109/mg, which is a factor of 102 too high for cost-effective space propulsion applications. 32
Rather than rely on high-energy proton beam collisions with a stationary target, this paper outlines a new concept that may lead to the more efficient production of antimatter in quantities sufficient for propulsion and other commercial applications.
The proposed technique is based upon particle-antiparticle pair production at the steep potential boundary created by the suppression of local vacuum field energies. The premise is based on Dirac's relativistic theory of the vacuum state, which is outlined in the following section. The theory underlying particle-antiparticle pair creation at a potential boundary is discussed, followed by an explanation of the technique proposed to create the required potential step. The paper concludes with an overview of an experimental approach designed to demonstrate the feasibility of this new antimatter production concept.
DIRAC'S THEORY OF THE VACUUM STATE
Dirac was the first to develop a relativistic wave equation that correctly describes the interaction of spin-l/2 panicles, such as electrons and protons. 33 Pair creation is the process in which sufficient energy is given to a particle in the negative energy state to raise it to a positive energy state (creating a real panicle and leaving behind a hole, or antiparticle); annihilation occurs when the particle falls back into the hole, with the energy carried away as radiation.
The vacuum itself should have zero energy, zero mass, and no charge, which is clearly not satisfied by the simple form of the theory. Instead, there are infinitely many negative energy states, which together have an infinitely large negative energy, and, in the case of electrons populating the negative energy continuum, an infinitely large negative charge.
These difficulties are removed by renormalizing the zero point of charge and energy in such a way that the vacuum has no mass, energy, or charge. This renormalization process is not pleasing from an aesthetic viewpoint, but it does satisfy the constraint that only departures from the vacuum state are observable and hence relevant.
TUNNELING

AND POTENTIAL BARRIERS
Related to Dirac's theory of the vacuum is the quantum mechanical process of particle tunneling in the presence of a steep potential st_p. An overview of this process is provided by Greiner, the salient features of which are given here.
Consider a spin-l/2 particle (for example, an electron or proton) with energy, E, and momentum, p, traveling along the z-axis ( Figure 2 ). The particle encounters a step potential of magnitude V0 that rises to full value in a distance equal to the Compton wavelength of the particle, _,_:
where h is Planck's constant (6.626xi0 34 J-s), mo is the particle rest mass, and c is the speed of light.
Particle incident on a potential step.
The Dirac equation describing the propagation of the particle in Region I is:
where _ is the particle wave function, h is the reduced 
the Dirac equation can be written in the more compact form:
,,,
The Hamiltonian for Region I (zero potential) is the total particle energy, E, while in Region II the Hamiltonian becomes (E-V0). The Dirac equation for a particle wave traveling along the +z direction in Region I is then:
In Region II, the Dirac equation for the traveling particle wave becomes:
The solution for the particle wave function in Region I is:
where A is a constant and the particle momentum, p,, is given by:
At the potential boundary, part of the particle wave will be reflected and part will be transmitted.
The reflected wave solution in Region I is:
-p_I c expL n j (9) E + moC2 0 and the transmitted solution in Region II is:
Vo -E-moc: exq ] ,,0, where again B and D are constants. The particle momentum in Region II is given by:
The Similarly, the reflected (.j[) and transmitted (Jn) particle currents are:
Equations 20-22 can now be used to calculate the reflection and transmission coefficients for the particle wave function impacting the potential boundary. Taking the ratio of the reflected current to the incident particle current yields:
The ratio of the transmitted current to the incident current is given by:
For a potential step V0 > (E+m0c2), the value y>i.
From Equation 23 , this indicates that the reflected particle current exceeds the incident particle current in Region I dJlq>lJtl)-It appears that electrons are entering Region I from Region II, but there are no electrons initially present in Region II. This result, known as Klein's Paradox, is most often interpreted as particleantiparticle pair creation at the potential boundary.
Discussion of Results.
Applying a potential V0 > E + m0c 2 raises the energy in Region II sufficiently for there to be an overlap between the negative energy continuum (z>0) and the positive energy continuum (z<0), as shown in Figure 3 : returncurrent.Asnoted by Greiner, 34thisprocess is mostreadilyunderstood as particle-antiparticle pair creation at thepotential barrierandis related to the decay of thevacuum in thepresence of supercritical fields. Whenthepotential function V0is lessthanE + moc", theparticle momentum in Region II is imaginary (Eq.11)andthewavesolution will beexponentially damped (Eq.10);all of theincident current is then reflected backintoRegion I, andnoparticle current is transmitted intoRegion II. It is onlywhen V0> E + m0c 2thatthemomentum in Region II becomes realand theparticle wave function inRegion II again becomes a traveling wave.
Theabove derivations may besummarized asfollows:
• TheDiracequation is used torepresent theevolutionofspin-l/2particle wave functions. • Dirac's equation permits bothpositive andnegative energy solutions; the negative energy states are filledwithvirtual particles, which prevent particle transitions frompositive energy states to negative energy states viathePauli exclusion principle. • Particles will becompletely reflected fromapotential barrier(¥0)whentheirenergy E < Vo;the transmitted particle wavefunction is exponentially damped withinthepotential barrier. • Forpotential steps withV0> E+ rn0c 2,anincident particle will induce paircreation at thepotential boundary, resulting in a (real)return particle current anda(real) transmitted antiparticle current.
Thequestion nowarises asto whether thiseffect can actually beapplied totheproduction ofantimatter. The potential step must begreater thanE+ moc 2, where E is the total particle energy (rest mass plus kinetic), and the potential must rise to its full value over a distance comparable to the Compton wavelength of the particle, h/(moc).
For an electron, the minimum potential step height is 1.02 MeV (plus the kinetic energy of the elec, tron), and the Compton wavelength is approximately 2.4x10 -12 m. For a proton, the minimum potential step height is 1876 MeV and the Compton wavelength is approximately 1.3x10 16 m. These supercritical potentials are too large to be generated over such short distances using laboratory electric fields, but there may be another option: rather than use externally applied fields to raise the vacuum energy in Region II, it may be possible to use the Casimir effect to lower the vacuum energy in Region I. This concept, shown schematically in 
VACUUM FIELDS AND THE CAS1MIR EFFECT
Dirac's vacuum is a negative energy continuum populated by particles that prevent positive energy particles from transitioning into the negative energy states.
To avoid obvious problems associated with infinite vacuum charges and energies, the vacuum state is renormalized to zero; only deviations from the vacuum state are measurable. As such, the potential step shown in Figure 3 represents an applied field measured with respect to the background vacuum; the energy in Region II has been raised by the applied field such that the negative energy states now overlap the positive energy states in Region I. However, raising the background vacuum in Region II requires a tremendous amount of energy (V0>E+m0c 2) over a very small distance, which is clearly beyond present capabilities.
Rathe r than .raising the vacuum energy in_Region ffl _it _s proposedtha t the same effect can be generated by suppressing the relative vacuum energy in Region I, as shown in Figure 4 . This process can be viewed either as lowering the positive energy states such that they now overlap with the negative energy states in Region ii, or the background vacuum in Region I can be renormalized to zero to yield an energy diagram similar to Figure 3 . in either instance, a particle wave traveling from Region I into Region II will be described by the same Solutions outlined in the section above, leading to particleantiparticle pair creation at the potential boundary. Unlike Figure 3 , pair production is achieved not by raising the potential but by lowering the relative vacuum energy, an effect that might be accomplished through the use of a Casimir cavity. As discussed by Mostepanenko et aL, 35 the Casimir effect can be accounted for by assuming the force is a consequence of the separation-dependent vacuum field energy trapped between the conductors.
For example, assume that two square conducting plates with side dimensions L, separated by a distance z, are placed in a vacuum. In the QED interpretation, the vacuum is teeming with electromagnetic radiation (although mathematically the vacuum state is renormalized to zero), hence the plates may be considered to constitute a cavity that supports vacuum fluctuation modes with wave numbers down to about z -1. The vacuum energy trapped between the plates is approximately given by:
where Uv is the upper energy bound, UL is the lower energy bound, and K represents a high frequency cutoff to make the total energy finite. The negative rate of change of the lower cut-off energy UL with separation z constitutes a force of attraction, F, per unit area, given by:
A more careful analysis leads to the exact relationship for the force per unit area between the parallel conducting plates: 39
In other words, the vacuum energy density between the plates is lower than the vacuum energy density outside the plates by an amount equal to the right hand side of Equation 27 . Equations 26 and 27 demonstrate that the vacuum energy density between the conducting plates is lower than the external vacuum energy density. Multiplying Equation 27 by the plate surface area (L 2) and the separation distance between the plates (z) yields an expression relating the decrease in the vacuum energy between the plates compared to the external vacuum field energy:
rc2 hcL 2 AE_ac -(28) 720 _3
For square plate dimensions of L = 0.1 m and a separation distance of 0. l-lam, the change in vacuum energy is calculated to be 4.3x10 9 J, or roughly 2.7x10 l°eV (27 GeV) . The vacuum energy between the plates is thus substantially lower than the vacuum energy external to the plates, or conversely, if the vacuum energy between the plates is renormalized to zero, the vacuum energy external to the plates is substantially higher than the vacuum energy between the plates. By adjusting the plate dimensions and separation distance, it may thus be possible to significantly suppress the vacuum energy in a given region and generate a condition similar to that shown in Figure 4 . A particle generated in the suppressed vacuum fields of Region I will see a higher vacuum field energy outside of the plates, and if the relative change in the vacuum energy exceeds E+moc 2, NASA/CR--2001-211116 it may be possible to generate particle-antiparticle pairs at the vacuum energy step. Because the Dirac solutions hold equally well for electrons or protons, the possibility exists that low energy proton-antiproton pairs might be created at the steep potential boundary created by vacuum field suppression in a Casimir cavity.
Creating a Potential Gradient
The Casimir effect provides an avenue for creating sufficiently large potential steps, but the question arises as to whether these steps can be generated over a distance 
;_, d
where Acis the Compton wavelength of the particle and d is the plate thickness, or more properly the thickness of the region over which the change in vacuum field energy occurs. For pair production to occur at the step boundary, the potential V must exceed E+m0c:, where E is the total energy of the particle (rest mass plus kinetic energy).
Assuming the particle kinetic energy at the boundary is small compared to its rest mass energy, the requirement for V becomes: 
Assuming a plate separation distance z = 10 -7 m and a gradient length d = 10 "6m, the required plate area, L-', is around 0. 
Using the same plate separation and gradient distances above would require a plate length of 725 m to provide a suitable potential gradient.
However, a number of Casimir force experiments have been performed over the past several years with plate separations down to several nanometers, and a reasonable lower limit of 10 .8 m can be assumed for the plate separation z. The distance over which the potential gradient is formed, d, can also be reduced by locally thinning the plate support structure; a realistic lower bound on d is thus assumed to be 10 -9 m. Given these values, the plate size for producing the required potential step for protonantiproton pair production is around 0.73 m, which is difficult but not impossible to manufacture.
Ideally, the potential gradient would be formed in a region devoid of plate material; this can be accomplished by designing the Casimir plate with a small hole whose diameter is of the same order or smaller than the plate separation distance.
Vacuum electromagnetic fields with wavelengths larger than the hole diameter will still be blocked by the cavity, but the potential gradient formed by the plates is now in a material-free region that more faithfully reproduces the assumptions behind Figures 3 and 4 . Possible effects due to the fringing of vacuum electromagnetic fields at the hole boundaries remain to be evaluated, but this method appears promising to provide the required potential gradients in a material-free region.
Summary.
In summary, it appears possible to produce a Casimir cavity geometry that will provide sufficiently steep potential gradients for particle-antiparticle pair creation. By introducing a small hole in the plate material with a diameter similar to the plate separation distance, a potential step may be created in a materialfree region, as depicted in & generated using this technique, with significantly less infrastructure and presumably lower cost than current antimatter production methods.
EXPERIMENTAL DESIGN
The following experiment is proposed to evaluate the possibility of producing particle-antiparticle pairs at a potential boundary created within a Casimir cavity. The proposed experiment is a modified version of a similar experiment performed by the author under a prior contract to the NASA Marshall Space Flight Center. 4°In that experiment, flat parallel plates were used to form a Casimir cavity to investigate pair creation, but the plate geometries were not properly designed to generate sharp potential gradients. Based on that effort and the additional analysis in this report, the following experiment is suggested as a proof-of-concept test.
Electron-Positron Production
To investigate the formation of electron-positron pairs, it is proposed that a Casimir cavity be constructed from two flat, square metallic plates, each with an area of 1. to the plate boundary.
The diameter of the hole should be on the order of the plate separation distance, so that vacuum electromagnetic fields with wavelengths larger than the hole diameter will still be blocked by the cavity plates. On the opposite plate, a small amount of radioactive material can be deposited to act as a source of electrons within the cavity; Ni 63 is a readily available commercial source, and the kinetic energy of the emitted electrons (0.067 MeV) are sufficiently below the rest mass energy of the electron that Equation 30 remains a viable approximation. Alternatively, the metallic plate can be irradiated to produce subsequent electron emissions within the cavity.
The plate surfaces must be aligned and moved to within 10 -7 m to form the required potential step, which can be accomplished using commercially available piezoelectric transducers.
The close separation distance requires that the surface flatness of the plates not exceed 10 8 m, which is a stringent but commercially attainable constraint. The entire system should be mounted in a vacuum system capable of achieving a hard vacuum (_< 10 .8 torr), and isolated from vibrations.
To evaluate whether the proposed pair production method works, a small target placed outside the central plate hole can be used to intercept any positrons emitted at the potential boundary.
The resulting annihilation of the positrons with the target material will produce 0.511-MeV gamma rays that can be measured with a detector located behind the target.
Proton-Antiproton Production
If successful, the experimental arrangement outlined above will demonstrate the basic feasibility of the proposed pair production process. However, for propulsion applications it is desirable to produce antiprotons rather than positrons. As previously discussed, the constraints on plate size, flatness, and separation become significantly more demanding, but remain within the capability of current manufacturing techniques. For proton-antiproton pair production, square plates with areas of 0.526 m2 (L = 0.725 m) would have to be separated by a distance of l0 -8 m, indicating that the surface flatness of the plates would have to be on the order of nanometers.
Larger plate areas would relax this constraint by allowing larger separation distances, and the ability to machine flat surface areas must be traded against the fabrication of larger plate dimensions. The central hole diameter would again be on the order of the plate separation distance to provide a material-free potential step, and the electron source would be replaced with a proton source to provide the particles within the cavity. If this scheme is successful, the antiprotons can be captured upon exiting through the hole in the Casimir plate and stored in portable Penning traps for later use.
CONCLUDING REMARKS
A new concept has been described for creating matterantimatter particle pairs at a steep potential boundary. The potential step is created using the Casimir effect to suppress the vacuum energy between parallel conducting plates. Preliminary calculations indicate that a sufficiently steep potential gradient can be formed for reasonable plate dimensions and separation distances. A preliminary experimental design is outlined as a proofof-concept test for the proposed antimatter production scheme.
Additional analysis remains to be performed to validate the concept, including an evaluation of material and temperature effects on the plate boundaries, the effect of fringing fields on the potential step at the plate central hole, and the consequences of imperfect parallel plate alignment on the required potential gradient. Nevertheless, based on the preliminary analysis presented in this paper, the proposed concept appears to be a potentially viable alternative to the high-energy antimatter production methods currently in use.
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